Introduction
[2] There is a growing interest in analyzing extreme precipitation events arising from regional climate simulations [Sánchez et al., 2004; Beniston et al., 2007] . Several recent studies have compared present and future climate simulations [Giorgi et al., 2004a; Räisänen et al., 2004; Deque et al., 2005; Jacob et al., 2007] focusing on changes in the mean seasonal values and interannual variability [Giorgi et al., 2004b; Deque et al., 2007] .
[3] Less attention, however, has been paid to analyze the spectral structure of the precipitation, which is fully characterized by the Probability Distribution Function (PDF) [Forest et al., 2006] . An empirical PDF characterizes a climatology in terms of its statistical moments up to a desired order (usually four). Measured PDFs are known to be consequence of cloud microphysics [Khain et al., 2000] which are highly dependent on continental/maritime location [Khain et al., 2003] .
[4] A PDF can be understood as a normalized version of the frequency histogram. It indicates the occurrence of the hydrometeors for the accumulating period being considered. Crucially, the PDF embeds both spatial and temporal errors, since it is an aggregated measure over a large area over an extended period. It is therefore insensitive to the time lag errors and to spatial mismatches which are inherent to climate simulations. In this sense, information derived from PDFs should be seen as a baseline estimate: if changes between present and future climate appear in the PDF that indicates that there are fundamental differences in the precipitation climatology, even if we are not able to precise the spatial location and temporal occurrence of the precipitation.
[5] Here we have used eight regional climate models (RCM) to compare present climate and increased greenhouse gases (GHG) scenario simulations using PDFs. The models are the HIRHAM, CHRM, HadRM3H, REMO, PROMES, RACMO, CLM and RCAO models, described in detail in [Jacob et al., 2007] . As in [Deque et al., 2007] , we have chosen the 2070 -2100 period since the expected changes will be more apparent by the end of the 21st century than in the immediate future. The rationale of selecting a multimodel ensemble is to allow for variability arising from different parameterizations. This approach differs from weather or seasonal forecasting where sensitivity to initial conditions (SIC hereinafter) is a major concern [Lorenz, 1963; Palmer et al., 2004] . In climate simulations SIC is comparatively small to the effects of the parameterizations and their dynamical cores [Giorgi and Bi, 2000; Vidale et al., 2003; Deque et al., 2007] .
[6] For any numerical future-climate simulation to be consistent, two conditions have to be met. First, simulated PDFs for present climate have to be as close as possible to measured PDFs [New et al., 1999] . Secondly, different simulations have to agree as much as possible [Christensen and Christensen, 2007] , indicating a highly-predictable state. If these two necessary conditions are met, confidence growths in the models being capable of simulating future climate under a prescribed scenario.
[7] Having met those requirements in our simulations (section 3.1), what we find are noticeable departures from the present climate precipitation climatologies in the future, for all the regions under scrutiny. These new results suggest that under the A2 scenario the Mediterranean precipitation climatology (long dry season) will strengthen in those areas currently Mediterranean; and that traditionally Atlantic-type areas will change its character toward a Mediterranean precipitation climatology, characterized by an exponential PDF shape. The net result of this change will be an increase in the hydrometeorological extremes affecting Europe, though notable regional differences appear.
Methodology: RCM Modeling
[8] As mentioned before, climate simulations are generated using a several models to account for different param-eterizations [Christensen et al., 2002] . The spread of the resulting ensemble gives an indication of the predictability of the simulation, while the actual values indicate the major features of the future climate [Collins, 2002] .
[9] We have used eight RCM involved in the PRUDENCE project [Christensen et al., 2002] for our simulations. All the eight models have been forced by the same GCM, namely the UK Met Office HadAM3 [Pope et al., 2000] . One of the bonus of using regional models is the increase in the spatial resolution of the simulation. The common CGM used has a cell size of roughly 2 degrees, where RCMs used here have a 0.5 degrees resolution. This allows to better discriminate regional patterns, also avoiding the smoothing effect of too coarse grids in precipitation [Machenhauer et al., 1998; Rodriguez-Fonseca et al., 2005] .
[10] It is widely accepted that the results of ensemble simulations are probabilistic, in the sense that statistics derived from the simulation are the values to be compared with validation data. Thus, climate simulations are not meant to provide a forecast for, say June 2080, but a characterization of future climate. This probabilistic nature of the simulations is imposed by SIC, which impedes a deterministic forecast even for a perfect model as initial conditions cannot be perfectly estimated. This feature of climate models makes PDFs the natural choice for characterizing present and future climate: the PDFs embed the uncertainties associated with SIC (both the spatial location and the time lag errors), since it represents the probability of occurrence of a given precipitation amount in an area (not in a single model grid cell) also integrated in time. Therefore, using a PDF allows us to deal with both spatial and temporal uncertainties in the models. Artifacts that may appear linked with likely early/late seasons in a future climate are thus removed using a PDF characterization of the simulations. Nonetheless, even with this rather broad approach to analyze precipitation the PDF remains informative of the precipitation structure in terms of the lognormal or exponential shape of the PDF.
[11] For generating the current climate simulations, we proceed as follows: the eight models were forced with the HadAM3 GCM simulated current (1960 -1990) period (control run) on their native domains. Daily precipitation values were then interpolated (using areal weighting) to a common 0.5°Â 0.5°grid (see Figure 1) , and finally monthly means were obtained for each cell to allow comparing with observational data (CRU database). CRU validation data is comprised of high-quality rain gauge data which have been preprocessed to ensure consistency [New et al., 1999] .
[12] We then calculated the regional PDFs for each model and for each of the eight regions, resulting in 64 PDFs. The actual procedure was as follows: we defined 600 bins of 1 mm month À1 width and then we count the occurrences of a particular rain rate in the region belonging to the x bin, which is defined by the interval [x, x + 1) mm month À1 . Occurrences were normalized by the total number of counts, thus yielding a PDF. Eight additional PDFs for CRU data were calculated for strictly-coincident data. Precipitation estimates for SRES A2 scenario were calculated using the same procedure, yielding 64 additional PDFs. The SRES A2 scenario is defined as a large and continuously-increasing CO 2 , CH 4 and NO 2 emissions scenario [Nakicenovic and Swart, 2000] .
[13] Figure 1 show the geographical regions used in this study. They correspond with well-known different European climates, from the high mountain climate of the Alps to the Mediterranean type of Italy. Other similar tessellations has been used in other studies [Giorgi et al., 2004a; Christensen and Christensen, 2007] . It is worth noting that, providing the geographical regions chosen are large enough, this procedure ensures that the conclusions are not affected by changing seasonal patterns, or by the high anisotropy of precipitation. [14] Figure 2 shows the 2-sigma of the eight models for each selected climatological region compared against CRU data. This current-climate simulation presents a limited spread among the 8 RCM. This is not a direct consequence of the models being forced with the same GCM [Jacob et al., 2007] , but a result by itself. Low variance indicates high predictability, which in our case is larger for large precipitation amounts. The differences between the models and CRU are higher for light precipitation ( 10 mm month À1 ) for most of the regions (Figure 2 ). This can be due to either different thresholds for autoconversion, microphysics parameterizations, and numerical schemes or to the errors in the validation data. Two types of precipitation climatologies are apparent in Figure 2 , with regions presenting either a lognormal or an exponential PDF. The Alps, the British Isles, Central and Eastern Europe and France belong to the lognormal type, whereas Iberia Italy and Greece PDFs are clearly exponential. In the Greek region, CRU shows a lognormal shape for precipitation, while in the climate simulation the PDF appears as exponential. We ignore the reason of this difference, that makes our results inconclusive for this particular region. One possible reason may be related with CRU itself; it is well known that aggregated CRU precipitation measurements present an artificial 
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smoothing due to the processing of the data using Thiessen polygon weights. Also, the effect of rain gauge undercatch affect this data set [Giorgi et al., 2004a] , so the estimates have to be taken as face value. Errors of the order of 10-25% in CRU precipitation estimates have been reported [New et al., 1999] . Even so, CRU remains as a yardstick for precipitation validation, and as a such is used here. Errors in CRU are higher in mountainous areas, which might be the reason of the discrepancies found for light precipitation [Giorgi et al., 2004a] .
[15] CRU and current climate PDFs as derived by the models are reasonably close, except for the mentioned Greek case. Using a broader bin size for the Italy region (not shown) generates a similar result. This overall similarity between CRU and the simulations builds up our confidence in the multimodel simulation. Also, the climatological picture is consistent with Mediterranean and Atlantic types as described in [Castro et al., 2007] . This indicates that the models meet the basic requirement of being capable of simulating the shape of the control PDF and to account for the differences in the precipitation climatologies of Europe.
Future Climate (2070 -2100), A2 Scenario
[16] The little spread of the multimodel simulation for current climate also appears in the future climate simulations (Figure 3 ). This indicates an overall agreement within the models. In the A2 scenario, we do not have validation data to compare with so we have to rely only on the assumption that future climate lies within the limits of the ensemble simulation.
[17] We have chosen to describe the PDF using the empirical distribution moments instead of fitting the data to a parametric curve because either the moments method, the maximum likelihood or the maximum entropy methods introduce an unavoidable error in the parameter estimation [Singh et al., 1986] . Thus, to compare the changes between the control and the A2 scenario simulations we have analyzed the differences for some key statistics (mean, standard deviation, coefficient of variation, asymmetry, kurtosis; and the 25th, 50th, 75th, and 90th percentiles). Figure 4 depicts the regional differences. In Figure 4 , the boxes mark the variance of the eight models for the current and future climate for that statistics; the whiskers are the 5th and 95th percentiles; and the asterisks the minimum and maximum values within the ensemble. The greater the boxes, the greater the spread between the simulation for that statistic. This helps to identify the largest area of variation, which is the Eastern Europe region in our case.
[18] Figure 4 , seen as a whole, suggests that the overall change is related with the lower mean monthly rainfall in the Mediterranean regions, but with larger standard deviation and kurtosis. The increase in the 90th percentile points up to an overall increase in very high monthly precipitation in Europe, albeit there are large regional differences, as Figure 4 illustrates. In Figure 4 , Italy, the British Isles, the Alps, Central and Eastern Europe, and France present increased values of high monthly accumulated precipitation. The case of the British Isles shows that a balance might happen (there is just a slight variation in the mean) even if the extremes greatly vary. This case is also important because the simulations and CRU data (Figure 2 ) presents an impressive agreement for this region. Thus, it is reasonable to assume that our future climate simulations will provide a very good approximation of the A2 scenario climate here. Given the atmospheric dynamics at such latitudes, the results are indicative of more frequent and/or stronger cyclones. This will result in increased erosion, hydric stress for vegetation and hydrometeorological risks.
[19] The results for Iberian peninsula are particularly relevant for environmental studies. The differences between the 1960 -1990 and the 2070 -2100 climates depict a drier region but with lower high precipitation monthly amounts. The marked increase in the PDF kurtosis indicates that the rates around the mean will be less dominant compared with those in the tail. Since the PDF is exponential, this means a predominance of light precipitation, as the changes in the Figure 2 . Normalized frequency distribution (PDF) of monthly precipitation for the control run (frequency average, red; two-sigma interval, light red), and for CRU (validation data, black line). X-axis unit is mm month À1 ; y-axis represents frequencies. percentiles also show. The same applies in lesser extent for Greece and the Alps.
Conclusions
[20] We have presented precipitation climatologies derived from a multimodel ensemble simulation for present and future climate in Europe at regional level. We have analyzed changes in the monthly rainfall across Europe using a PDF-based approach to account for the effects of temporal lags and spatial errors in climate simulations. Our results for present climate compare well with CRU climatology. Only for light precipitation amounts differences appear for some regions, albeit those differences may be Figure 4 . Changes in the statistics used to characterize the PDF (mean, standard deviation, coefficient of variation, asymmetry, kurtosis; and the 25th, 50th, 75th, and 90th percentiles) between A2 and present climate conditions. Boxes indicate one standard deviation between the eight RCMs, whiskers the 5-95% percentile interval, and asterisks the extreme values.
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linked to uncertainties in the validation database, and not necessarily to the modeling.
[21] Simulations for future conditions under the A2 scenario indicate a transition from Atlantic to Mediterranean precipitation type in some regions. A general increase in the standard deviation and kurtosis of the PDF is also observed, indicating a wider spectrum of precipitation. Also, changes in the 90th percentile indicates more likely extreme events in the future except for Iberia and probably Greece. These results provide further evidence for climate change precipitation at regional level in Europe from the point of view of the structure of precipitation, which is a method suited for multimodel ensemble simulations and an alternative to seasonal means comparisons.
